INTRODUCTION
The increased survival of extremely preterm infants has highlighted the importance of assessing and improving long-term outcomes of these infants. Long-term neurodevelopmental outcome studies have shown that about half of the extremely preterm infants develop cognitive impairment and as many as 15% develop cerebral palsy (CP). 1 Cerebral white matter injury (WMI) is a valuable predictor of neurodevelopmental deficits in extremely preterm infants. 2, 3 WMI frequently results from inflammatory responses to many factors including antenatal and postnatal infection. 4, 5 Coagulase-negative staphylococcus (CoNS) is the most commonly isolated agent of postnatal infection in preterm infants. [6] [7] [8] The incidence of CoNS infection in neonatal intensive care units (NICUs) varies between 1.3 and 30.9%, depending on gestational age (GA), birth weight and presence of intravascular catheters. [9] [10] [11] CoNS typically demonstrate low virulence and low mortality rate compared with other bacterial infection. 9 However, recent reports raised concerns about potential poor neurodevelopmental outcome in preterm infants exposed to CoNS sepsis in the neonatal period. 12, 13 These reports showed a higher incidence of CP 13, 14 and lower psychomotor developmental index 12 on assessment at 18 to 24 months of age. This potential association between CoNS sepsis and neurodevelopmental outcome has never been studied beyond 2 years of age. [12] [13] [14] We hypothesize that exposure to CoNS sepsis in extremely preterm infants born at o29 weeks GA would be associated with neurodevelopmental disability. The objective of our study was to describe the long-term neurodevelopmental outcome at 30 to 42 months corrected age among preterm infants exposed to CoNS sepsis in the neonatal period. Having a better understanding of the relationship between CoNS sepsis and long-term neurodevelopmental outcome will guide future management, prevention and prognostication of these extremely preterm infants.
METHODS

Study design and study population
This single-center, retrospective cohort study was conducted at Foothills Medical Centre in Calgary with B7000 deliveries annually. The study was approved by the conjoint health research ethics board. All infants born at o29 weeks GA and admitted to the NICU between 1 January 1995 and 31 December 2008 were identified from the neonatal database. We identified all blood, cerebral spinal fluid (CSF) and urine cultures obtained from all infants during their stay in NICU. Infants without available blood culture results, those with major congenital anomalies, and infants with Gram-negative organisms isolated from bloodstream, CSF or urine were excluded. CoNS sepsis was defined by a combination of 1 suggestive clinical signs (temperature instability, irritability, hypotonia, feeding difficulties, poor perfusion, apnea, tachycardia and tachypnea), 2 a positive single-organism sterile body fluids (blood, CSF or urine) culture for CoNS 3 appropriate antibiotic treatment of X5 days. Each infant with CoNS sepsis was compared with subsequent two infants born at o29 weeks GA who were admitted to the NICU and never had positive blood, CSF or urine culture.
The neonatal and neurodevelopmental outcomes of all eligible infants were obtained from the Perinatal Follow Up (PNFU) database. Every subject identified in the neonatal database to be eligible for the study was given a study number. Alberta Healthcare numbers of these subjects were used temporally to link neonatal and PNFU databases.
The PNFU database contains pregnancy, delivery and neonatal morbidities abstracted from the hospital charts at death or discharge from the hospital by a trained research assistant. These include maternal age, maternal education, antenatal risk factors like smoking and alcohol use, GA, birth weight, sex, antenatal steroids, mode of delivery, multiple or singleton pregnancy, Apgar scores, umbilical arterial pH, respiratory distress syndrome, use of surfactant, bronchopulmonary dysplasia, intraventricular hemorrhage, periventricular leukomalacia (PVL), patent ductus arteriosus, necrotizing enterocolitis, retinopathy of prematurity (ROP) and duration of hospital stay in NICU.
The neurodevelopmental outcome data were also collected from the PNFU database. During the study period, preterm infants were prospectively followed up with longitudinal multidisciplinary examinations at adjusted ages of 4, 8, 12, 18 and 36 months in the PNFU clinic at Alberta Children's Hospital. Neurodevelopmental assessments were performed independently by neonatologist/developmental pediatrician, physiotherapist, certified psychologist, ophthalmologist and audiologist on every child. The neurological assessment included evaluation of tone, strength, reflexes and posture.
All neurological and neurodevelopmental assessments were performed by individuals who were unaware that a study on association between CoNS sepsis in preterm infants and long-term neurodevelopmental outcome would be conducted in the population.
Definitions
True CoNS sepsis was defined as described previously. Persistent CoNS sepsis defined as three or more consecutive positive blood cultures at least 48 h apart with the same CoNS species during a single septic episode. 15, 16 Meningitis was defined as positive CSF culture, white blood cell count of 430 cells mm À 3 , or baby treated with therapeutic course of antibiotics based on the other CSF findings. 12 GA was defined as the best obstetric estimate that is based on early prenatal ultrasound, and obstetric history, unless the postnatal pediatric estimate of gestation age based on Ballard score differed from the obstetric estimate by 42 weeks. Respiratory distress syndrome was defined as the presence of respiratory signs including tachypnea, grunting and chest retraction, typical chest X-ray findings and/or treatment by surfactant with the need for mechanical ventilation for 424 h in the first 3 days of life. Intraventricular hemorrhage was defined according to the criteria of Papile et al. 17 from head ultrasound. Patent ductus arteriosus was defined as clinical diagnosis plus treatment with indomethacin or surgical ligation or both. Bronchopulmonary dysplasia was defined as oxygen dependency at 36 weeks postmenstrual age for preterm infant who is born p32 weeks' gestation. 18 PVL was defined as parenchymal echo densities or lucencies around the ventricles from head ultrasound performed after 32 weeks postmenstrual age. Necrotizing enterocolitis was defined according to the modified criteria of Bell et al. 19 (stage II or higher). ROP was defined according to the International Classification for ROP. 20 CP was defined as a non-progressive motor impairment characterized by abnormal muscle tone in at least one extremity and decreased range or control of movements. 21 Cognitive delay was defined as a score of 42 standard deviation below the mean on standardized assessment (Wechsler Preschool and Primary Scale of Intelligence-Revised, Bayley Scales of Infant Development II or Stanford-Binet IV). 22 Deafness was defined as sensorineural hearing loss requiring amplification. Milder form of neurosensory hearing loss was defined when the impairment does not require amplification. Blindness was defined as visual acuity o20/200 following refractive correction.
Statistical analysis
Descriptive statistics including means, medians and standard deviations were used to describe the study population. In order to compare between continuous variables in infants exposed and unexposed to CoNS sepsis, two-sample t-test or Mann-Whitney test were used. Chi-square test (contingency table method) was used to compare discrete variables unless the expected cell frequency was less than five and then Fisher's exact test was performed. The association between CoNS sepsis and the presence of neurodevelopmental outcomes (CP, cognitive delay, deafness, blindness and total major disability) was examined using multivariable logistic regression with backward selection. Because of small event numbers in deafness and blindness, their association with CoNS sepsis were adjusted for GA only. For CP, cognitive delay and major disabilities, which had a greater number of outcome events, the associations were adjusted for GA, chorioamnionitis, severe intraventricular hemorrhage and use of postnatal steroids. These covariates were selected using a cautious approach consists of including them in the model if the P-value is o0.20 on the univariate analysis or if its inclusion resulted in change of 15% or more in the estimate of the main effect of CoNS sepsis exposure. In addition, any variable identified as confounder in the literature is highly considered for inclusion in the final model. Odds ratio (OR) and 95% confidence interval (CI) were computed for the outcomes. Significance for all tests was established at a P-value of o0.05. All P-values were based on two-sided test results. Stata version 11.0 software (Stata Corporation, College Station, TX, USA) was used for all data analyses.
RESULTS
Study population
From 1995 to 2008, a total of 1224 preterm infants o29 weeks were admitted to the regional NICU at Foothills Medical Centre. Of these, 181 infants were identified to have at least one blood, urine or CSF positive culture for CoNS based on the neonatal database. A total of 121 (66.8%) survival infants had true CoNS sepsis. The cumulative incidence of true CoNS sepsis was 13.1% over the 14 years period of the study. Of the 121, 118 (97.5%) infants had bloodstream infection. There were four cases of meningitis resulting from CoNS. Of the four, only one infant had positive blood culture. The other three infants who had meningitis and negative blood cultures had ventriculoperitoneal shunt. All collected urine samples in infants with CoNS sepsis were negative for CoNS organisms. The median (interquartile range) age for CoNS sepsis was 15 (9,21) days. Infants who had true CoNS sepsis were compared with 227 survival infants with no CoNS sepsis who met the inclusion/exclusion criteria for the study, and came to follow up clinic at age of 36 months. The proportion of infants who were lost to follow up was similar between the two groups (13.2 vs 13.4%). Eleven infants died in the CoNS group, of which 7 infants died during the initial hospitalization and 4 infants died after discharge from the hospital. In the uninfected group, 61 infants died, of which 49 infants died during the initial hospitalization and 12 infants died after discharge. Twenty-eight infants in the no CoNS group died in the first week of life whereas no one in the CoNS group died in the first week of life. There was no difference in the proportion of infants who died after the first week of life between the two groups (P ¼ 0.36). Figure 1 shows the flow diagram of the subjects in the study.
The maternal characteristics were similar between preterm infants exposed and not exposed to CoNS sepsis. Infants with CoNS sepsis had lower GA (25.9 ± 1.7 vs 26.2 ± 1.7), lower birth weight (834 ± 211 g vs 900 ± 197 g), more likely to be small for gestational age (13.4 vs 5.7%) and to have lower cord pH (7.28 ± 0.09 vs 7.30 ± 0.09) and lower Apgar score at 5 min (median 7 vs 8). Table 1 shows the maternal and neonatal characteristics of infants with and without CoNS sepsis in the neonatal period.
The common neonatal morbidities between the two groups are presented in Table 2 . CoNS sepsis was more likely to associate with respiratory distress syndrome (89.5 vs 80.6%), severe ROP (37.1 vs 22.5%) and use of postnatal steroid (36.2 vs 18.5%). All these differences were no longer significant after adjusting for GA. The median length of hospital stay was longer in infants with CoNS sepsis (38 (20, 59 ) vs 24 (7, 46); Po0.001). This difference continued to be significant after adjusting for GA (12 days; 95% CI 7.1 to 16.9).
Neurodevelopmental outcomes
The mean age at neurodevelopmental follow-up was similar between the infants exposed and unexposed to CoNS sepsis (37.1±2.1 months in the CoNS group vs 36.9±1.85 months in the group without CoNS; P ¼ 0.4). On bivariate analysis, infants with CoNS sepsis had increased rate of total major neurodevelopmental impairment (NDI) (24.7 vs 14.9%; P ¼ 0.03) and cognitive delay (17.1 vs 7.5%, P ¼ 0.01) when compared with infants without CoNS sepsis (Table 3) . However, adjusting for potential confounders including GA, chorioamnionitis, severe intraventricular hemorrhage and the use of postnatal steroids showed increased risk for cognitive delay (OR ¼ 2.23; 95% CI: 1.01 to 4.9), but not for total major disability (OR ¼ 1.14; 95% CI: 0.55 to 2.34). Since a significant proportion of study infants had CoNS sepsis before receiving postnatal steroids (which could be involved in the causal pathway linking CoNS and adverse neurodevelopmental outcome), we elected to report the outcomes without plugging the steroid in the models. The OR for cognitive delay was 2.36 (95% CI: 1.1 to 5.07), and for major disability was 1.85 (95% CI: 0.96 to 3.57). Of the 332 infants included in the study, 304 (91.5%) had cognitive testing. The mean cognitive score was 90.8 ± 21 in the CoNS group as compared with 94.7±16.3 in infants without CoNS sepsis. There were no significant differences in the rates of CP (10.6 vs 10.4%), blindness (1 vs 1.7%) and deafness (5 vs 2.2%) between the two groups. Of interest, when we include the milder form of neurosensory deafness looking for any neurosensory impairment, children exposed to CoNS sepsis were at risk (9.6 vs 3.1%; P ¼ 0.01). Excluding the four infants with meningitis from the analysis did not alter the results of neurodevelopmental outcome.
DISCUSSION
The cumulative incidence of CoNS sepsis in the current study (13.1%) is similar to that reported previously. 6 Our study shows that CoNS sepsis is associated with respiratory distress syndrome, patent ductus arteriosus and severe ROP (grade 3 and 4). This association turned out to be no longer significant after correcting for GA. In the current study, CoNS sepsis has no association with total major NDI in extremely preterm infants. However, the assessment of the type-specific NDI showed that CoNS sepsis is independently associated with a 2.2-fold increased odds for cognitive delay in this population. Our study supports the findings reported by Shah et al. 12 who found a significant difference in the psychomotor developmental index at 2 years of age in infants exposed to CoNS sepsis when compared with unexposed infants. The mean difference after correcting for potential confounders in the former study was 5.8 points (95% CI: 0.3 to 11.2; P ¼ 0.04). The lower psychomotor developmental index in infants with sepsis was mediated by WMI. 12 In contrast to our findings, a study by Schlapbach et al. 13 showed increased risk for developing CP in infants exposed to CoNS sepsis. However, the total number of infants with CP was limited to 14 children in this study.
14 Our study revealed similar proportion of CP in infants exposed and unexposed to CoNS sepsis. Cerebral lesion and particularly PVL are the most important predictors of CP in very preterm infants. 23 Silveira et al. 24 reported that neonatal sepsis (61% resulted from CoNS) is an independent risk factor for PVL in very preterm infants. However, the proportion of infants with PVL in their study was high (57.8%) compared with only (3%) in our cohort.
Similarly, Stoll et al. 14 reported increased risk of CP (OR ¼ 1.4; 95% CI 1.0 to 1.9) in infants exposed to CoNS sepsis, but no difference in cognitive delay. The cognitive outcome of Stoll's study was a result of a single-point follow-up at 18 to 22 months corrected age. Assessment of cognitive outcome at 18 to 22 months corrected age may encounter many difficulties as the rate of acquiring new skills in these infants differs largely during this period. Coagulase-negative staphylococcus sepsis B Alshaikh et al A recent systematic review and meta-analysis on neonatal sepsis in very low birth weight infants and long-term neurodevelopmental outcomes showed that neonatal sepsis increases the risk of any type NDI by twofold. 26 The subgroup analysis of NDI in infants exposed to CoNS sepsis showed similar findings to the overall sepsis, but the magnitude was smaller (OR 1.3; 95% CI 1.09 to 1.57). However, the studies included in this meta-analysis were heterogeneous, and the number of studies reporting the NDI in CoNS sepsis group was very limited.
Number of children with blindness was very small. The findings of no difference in deafness requiring amplification between the two groups were consistent with Stoll's study.
14 However, including the milder form of neurosensory deafness in the total hearing impairment revealed that children exposed to CoNS sepsis were at risk for any hearing loss. Use of antibiotics such as vancomycin and gentamicin in preterm infants is shown to increase the risk of neurosensory hearing impairment. 27, 28 These antibiotics are commonly used to treat CoNS sepsis and are proposed to be a possible cause of hearing impairment in this population.
Recent studies have shown that 15 to 20% of very preterm infants are at risk for severe neurodevelopmental delay, and 40 to 50% of this population have some degree of cognitive delay. 29, 30 Cognitive delay is highly correlated with WMI. 31 Diagnosis of WMI needs a brain magnetic resonance imaging at term equivalent gestation. Yet, there is no agreement on the routine use of brain magnetic resonance imaging for extremely preterm infants. Alternatively, cranial ultrasound is a screening tool for PVL, but its ability to detect other white matter abnormalities is limited. 32 The pathogenesis of WMI resulting from CoNS sepsis is thought to be similar to other postnatal sepsis in preterm infants. It has two related mechanisms (upstream and downstream). 33 Production of pro-inflammatory cytokines, increase of blood-brain barrier permeability, hypoxic ischemic events resulting from hypotension and impaired autoregulation of cerebral blood flow represent the upstream mechanisms to stimulate the brain's microglia. 4, 24, 34, 35 This leads to activation of downstream mechanisms which include excitotoxicity and free radical attack caused by reactive oxygen and nitrogen species. 33 This activation subsequently leads to the death of the vulnerable pre-myelinating oligodendrocytes. 33 Evidence from animal studies showed that signaling toll-like receptor 2 (TLR2) and TLR6 presented on microglia (the resident immune cells of the brain) by staphylococcus bacteria leads to increase in lysosomal activity and massive production of IL-10 followed by apoptosis of these cells. 36 Subsequently, this participates in the damage to other precious neurons around the microglia. Critical care studies in adult patients and animal studies have demonstrated a permanent cognitive impairment in severe sepsis survivors. 37 This impairment has correlated with hippocampus atrophy. [37] [38] [39] The strengths of the current study include a high rate (86%) of comprehensive multidisciplinary follow up. All neurodevelopmental assessments were performed by individuals who were unaware that this study would be conducted in the perinatal follow up clinic. The neurodevelopmental assessment at 36 months corrected age provided more accurate diagnosis than all assessments of outcome at less than 24 months of age. This is particularly important for assessment of cognitive outcome as all earlier tests are not highly predictive and transient neurological abnormalities seen before 24 months will be avoided. Use of a priori operational definitions provided an accurate tool to protect the study from measurement bias.
There are several limitations of our study, including being a single report of the only perinatal follow up clinic of southern Alberta, thus it reflected the unique diagnostic and follow-up experience of this 'single' center. Using single blood culture to define CoNS sepsis could have resulted in including infants with contaminant blood culture in the study; however, this would have resulted in dilution of the effect toward null. Use of additional criteria to the definition including changes in infection laboratory indicators such as complete blood cell count, C-reactive protein and so on was thought to be helpful in lowering the risk of CoNS contamination, but was not feasible as the data on complete blood cell count and C-reactive protein were not available. In addition, the fact that many preterm infants have a decreased Abbreviations: CP, cerebral palsy; GA, gestational age; IVH, intraventricular hemorrhage; NDI, neurodevelopmental impairment. CP, cognitive outcome and major NDI were adjusted for GA, severe IVH, chorioamnionitis and postnatal steroids. Deafness and blindness were adjusted for GA only as severe IVH, chorioamnionitis and sex did not seem to alter the outcome.
Coagulase-negative staphylococcus sepsis B Alshaikh et al inflammatory response to various types of CoNS organism limits the benefit of using these markers. 40 The retrospective design limits the ability to investigate the biological pathways of the association between the CoNS sepsis and cognitive impairment.
In conclusion, CoNS sepsis might be associated with an increased risk of cognitive delay in preterm infants born at o29 weeks GA. This study alerts health care providers to actively use infection control strategies to protect all preterm infants in NICU from CoNS sepsis. It also emphasizes the importance of long-term follow-up of preterm infants with CoNS sepsis, and helps clinicians for counseling parents of preterm infants with CoNS sepsis.
